Compact ultraviolet light sources are currently of high interest for a range of applications, including solid-state lighting, short-range communication, and bio-chemical detection. We report on the design and analysis of AlGaN-based lightemitting diodes with an emission wavelength near 280 nm. Internal device physics is investigated by threedimensional numerical simulation. The simulation incorporates a drift-diffusion model for the carrier transport, built-in polarization, the wurtzite energy band-structure of strained quantum wells, as well as radiative and nonradiative carrier recombination. Critical material parameters are identified and their impact on the simulation results is investigated. Limitations of the internal quantum efficiency by electron leakage and nonradiative recombination are analyzed. Increasing the stopper layer bandgap is predicted to improve the quantum efficiency and the light output of our LED substantially.
INTRODUCTION
Compact ultraviolet (UV) light sources are currently of high interest for applications in solid-state lighting, short-range communication, and bio-chemical detection. Prime candidates are AlGaN light-emitting diodes (LEDs). However, the output power of such devices is still below the values achieved in the visible wavelength range. 1 We therefore utilize three-dimensional (3D) physics-based simulation to better understand internal device physics. Previously, we investigated UV LEDs with an emission wavelength near 340 nm, obtaining good agreement with measurements. 2, 3 The same simulation procedure is here applied to new devices with an emission wavelength near 280 nm. 4 The measured external quantum efficiency of these devices is about 0.1%, i.e., only one out of 1000 injected electrons contributes a photon to the measured output power. This paper reveals the physical mechanisms behind this low efficiency. The device structure is described in Section 2, followed by an outline of the theoretical model and a discussion of material parameters in Section 3. Main simulation results are presented and analyzed in Section 4.
DEVICE STRUCTURE
The target emission wavelength of 280 nm requires the use of an active region with relatively high aluminum mole fraction. Our multi-quantum well (MQW) active region consists of four 3 nm thick Al 0.41 Ga 0.59 N quantum wells and five 7 nm thick Al 0.5 Ga 0.5 N barriers grown on a thick n-doped Al 0.64 Ga 0.36 N layer. Note that this MQW structure is lattice matched to Al 0.64 Ga 0.36 N and not to GaN as in our previous studies. A 20-nm p-doped Al 0.65 Ga 0.35 N electron stopper layer is grown on top of the MQW, followed by a 10-nm p-GaN contact layer. Mesas of various sizes are formed by reactive ion etching. The simulations are for 300 µm x 300 µm LEDs with an U-shaped n-contact as shown schematically in Fig. 1 . The vertical layer structure is given in Tab. 1, together with estimated values for the effective free carrier density resulting from Si doping (n) and Mg doping (p), respectively. Due to the high activation energy of the Mg acceptor in AlGaN, the free hole density is substantially smaller than the Mg doping density. 
THEORETICAL MODEL AND MATERIAL PARAMETERS
We employ the simulation software APSYS 5 which self-consistently combines the 3D simulation of carrier transport, heat flux, quantum well effects, and optical ray tracing. The transport model included drift and diffusion of electrons and holes, Fermi statistics, built-in polarization and thermionic emission at hetero-interfaces, as well as spontaneous and SRH recombination of carriers. For the quantum wells, Schrödinger and Poisson equations are solved iteratively to account for the quantum well deformation with changing device bias. Spontaneous emission of photons by electron-hole recombination within the quantum well is calculated by a free carrier model including the wurtzite energy band structure. Self-heating is neglected here since it becomes irrelevant with proper LED mounting and packaging. Further details of the model can be found elsewhere. 3, 6 An important issue in any device simulation is the selection of appropriate values for the various material parameters employed in the simulation. 3, 7 As published values for many parameters vary substantially in the literature, we shall investigate the impact of several parameters that are crucial for our simulation results:
i.
Conduction band offset (∆E c ):
The conduction band offset at AlGaN hetero-interfaces is the most critical material parameter in our simulation as small changes can strongly alter the electron leakage from the MQW. 3 Recent calculations give a conduction band offset ratio ∆E c /∆E g between 0.66 and 0.81 for the AlN/GaN interface. 8 While using an offset ratio of 0.7 for most of our hetero-interfaces, 7 we will vary this number at the important interface between MQW barrier and stopper layer. The room-temperature AlGaN band gap is calculated as E g (x) = x (6.13 eV) + (1-x) (3.42 eV) -x (1-x) (1.5 eV) with the Al mole fraction x. 9 ii.
Nonradiative carrier lifetime (τ SRH ): Nonradiative Shockley-Read-Hall (SRH) recombination is governed by the type and density of crystal defects, which depends on the fabrication process. While quantum well SRH carrier lifetimes near 1 ns are often assumed, 2 nonradiative carrier lifetimes below 100 ps have been reported for AlGaN layers at room temperature. 10 In the next section, we therefore investigate two cases with 1 ns and 0.1 ns lifetime, respectively.
iii.
Polarization charge (σ fix ): Built-in interface charges due to spontaneous and piezoelectric polarization are known to influence the performance of nitride devices. 11 Table 2 lists the fixed charges calculated for our interfaces using the non-linear formulas from Fiorentini et al. 12 However, our experimental investigation of quantum well thickness variations indicates only small polarization effects, possibly caused by partial compensation of polarization charges by charged interface defects. We therefore multiply the charges listed in Tab. 2 by a factor of 0.5 in some of our simulations. Figure 2 shows a 3D plot of the local spontaneous recombination rate as calculated for 100 mA injection current. The internal photon generation is strongest along the sidewalls with adjacent n-contact. This is attributed to current crowding caused by the low conductivity of p-doped regions. 2 To study internal device physics in more detail, we plot vertical profiles near the corners of the U-shaped contact in the following. Figure 3 gives the MQW band diagram for the two different polarization cases. Built-in polarization causes a significant deformation of the quantum wells that separates electrons and holes within the wells. Consequently, radiative emission rate, quantum efficiency, and output power are reduced by the polarization. With full polarization, the calculated internal quantum efficiency is η int = 0.04%, i.e., only 4 out of 10,000 electrons generate a photon in the quantum wells.
SIMULATION RESULTS AND ANALYSIS
Since the number of externally measured photons is always lower than the number of photons generated inside the LED, the external quantum efficiency is η ext < 0.01% in the simulation. This number is an order of magnitude below the measured value, which indicates that at least one of our default material parameters is not appropriate for our device (∆E c = 310 meV, τ SRH = 1 ns, σ fix =100%). Table 3 summarizes the effect of parameter variations in the simulation. In case b of Tab. 3, 50% reduction of the polarization charges results in the internal efficiency η int = 0.15% which is attributed to a better overlap of electron and hole wavefunction in the quantum well as well as to a larger effective energy barrier imposed by the stopper layer. With a uniform offset ratio of 0.7, the conduction band offset between MQW barrier and stopper layer is ∆E c = 310 meV, however, the high density of fixed positive charges at that interface causes significant band bending which pulls down the barrier (see Fig. 3 ) and allows for electrons to leak into the p-side of the device. Figure 4 plots the vertical electron current density across the active region. With the default value ∆E c = 310 meV, most of electrons leak into the p-side where they recombine with holes, thus diminishing hole injection into the MQW (dashed lines). By increasing the offset to ∆E c = 350 meV, which corresponds to an offset ratio of 0.8, the electron leakage from the MQW is reduced, allowing for more holes to enter the active region. With the enlarged energy barrier, the internal quantum efficiency is increased to 0.53% for full polarization and to 1.92% for half the polarization (cases c and d in Tab. 3). For ∆E c = 350 meV, Fig. 5 plots the carrier density profiles at 100 mA injection current. The built-in polarization separates electrons and holes in the quantum wells. The quantum well electron concentration is above 5 x 10 18 cm -3 , whereas the hole concentration is below 2 x 10 18 cm -3 , due to the poor hole injection indicated in Fig. 4 . The hole density peaks on the p-side of the stopper layer as expected from the large number of negative polarization charges there (cf. Tab. 2). The electron density peaks on the other side of the stopper layer. In both cases, the minority carrier density is very small leading to negligible carrier recombination at both stopper layer interfaces.
The corresponding vertical profile of the radiative recombination rate is plotted in Fig. 6 (solid line). It is maximum within the quantum wells. Hardly any radiation is generated within the p-doped regions, despite the strong electron leakage. Note that defect related photon emission mechanisms are not considered in our simulation. Radiative recombination competes with SRH recombination which may be underestimated by the uniform nonradiative carrier lifetime of 1 ns assumed thus far. The dashed line in Fig. 6 gives the photon emission rate for τ SRH = 0.1 ns and it reveals a strong impact of the defect density. The quantum well emission now exhibits a steep decline from the p-side to the nside. Carriers mainly recombine via defects and hardly any holes reach the n-side quantum well. As SRH recombination is enhanced by an order of magnitude, the internal quantum efficiency drops from 0.53% to 0.05% (cases c and e in Tab. 3). The SRH recombination rate is profiled in Fig. 7 for both cases. It is significantly stronger than the photon emission rate, even in the quantum wells. In the case with the shorter SRH lifetime (dashed), the nonradiative recombination strongly declines across the quantum wells as less and less holes are available.
The remaining cases f-h in Tab. 3 give an unrealistically low internal efficiency, indicating that the assumption of an uniformly short SRH carrier lifetime of 0.1 ns is not appropriate for our device. Experimental lifetime studies are needed to establish more realistic numbers for our different AlGaN layers. However, it seems even more important to measure the conduction band offset ∆E c between MQW barrier layer and Al 0.65 Ga 0.35 N stopper layer as this parameter shows the largest impact on the internal quantum efficiency in Tab. 3. Increasing the Al mole fraction of this layer will most certainly enhance the quantum efficiency and the output power of our LED. Proc. of SPIE Vol. 5594 183
